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The landscape of plant genomes, while slowly being characterized and deﬁned, is still
composed primarily of regions of undeﬁned function. Many eukaryotic genomes contain
isochore regions, mosaics of homogeneous GC content that can abruptly change from one
neighboring isochore to the next. Isochores are broken into families that are characterized
by their GC levels. We identiﬁed 4,339 compositionally distinct domains and 331 of these
were identiﬁed as long homogeneous genome regions (LHGRs). We assigned these to
four families based on ﬁnite mixture models of GC content. We then characterized each
family with respect to exon length, gene content, and transposable elements. The LHGR
pattern of soybeans is unique in that while the majority of the genes within LHGRs are
found within a single LHGR family with a narrow GC range (Family B), that family is not
the highest in GC content as seen in vertebrates and invertebrates. Instead Family B has
a mean GC content of 35%. The range of GC content for all LHGRs is 16–59% GC which
is a larger range than what is typical of vertebrates. This is the ﬁrst study in which LHGRs
have been identiﬁed in soybeans and the functions of the genes within the LHGRs have
been analyzed.
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INTRODUCTION
The genomes of living organisms are often organized into unique
patterns, the purposes of which are mostly unknown. It has
been reported that at least some eukaryotic genomes contain iso-
chore regions, mosaics of homogeneous GC content that abruptly
change from one neighboring isochore to the next. In vertebrates,
isochore regions have been deﬁned as segments of DNA, typically
above 300 kb, that are homogeneous (AT- or GC-rich) with sharp
boundaries from the neighboring stretches of DNA (Constantini
et al., 2009).
Isochores were ﬁrst observed using ultracentrifugation in CsCl
density gradients (Macaya et al., 1976). DNA fractionation by
ultracentrifugation, cytogenetic analyses, and recently, analyses of
genes and genome sequences, has been utilized to identify these
regions.With advances in technology and the availability of whole
genome sequences isochores can now be identiﬁed withmore pre-
cision using computational tools. Initially, sliding-window-based
methods were used but these techniques can only determine iso-
chores based on the window size used. Surprisingly, fundamental
biological properties have been found to be associated with cer-
tain isochore families. Repeat sequence distribution, gene density,
replication timing, CpG distribution, genic size, and transcript
abundance are several of the main features found to associate with
isochores (Bernardi, 2004). In vertebrates, these regions have been
mapped and named long homogeneous genome regions (LHGRs;
Zhang et al., 2010). Recently, LHGRs also have been identiﬁed
in invertebrates (Cammarano et al., 2009). LHGR GC content is
strongly conserved among invertebrate species (Cammarano et al.,
2009) aswell as among vertebrate species (Constantini et al., 2009).
However, vertebrates and invertebrates differ in the GC content of
their LHGR families. The existence of LHGRs across twokingdoms
suggests that all metazoan genomes may contain LHGRs and sug-
gests a biological or evolutionary importance, yet their function
remains unknown.
Long homogeneous genome regions are classiﬁed into a num-
ber of families based on the frequency distributions of LHGRs
across GC percentage (Macaya et al., 1976). Often, members of
LHGR families will share similar additional biological features
such as frequency of transposable elements (Bernardi, 2004).Mul-
tiple peaks in the distribution of content are evident in most
species although the demarcation between one LHGR family and
the adjacent families have been based on ad hoc decisions. For
example, the mid-point between two peaks has been arbitrarily
considered a threshold, where one family ends and the next family
begins. A different technique was applied in Arabidopsis (Zhang
and Zhang, 2004) where the LHGRs were identiﬁed as GC-rich
(GC content of the LHGR was above the average GC content for
the chromosome in which it resided) and AT-rich (GC content
of the LHGR was below the average GC content for the chromo-
some in which it resided) because no distinct peaks within the
distribution were observed.
Plants are unique in their wide range of genome size and com-
position. In the grasses, chromosome size, genome size, and GC
content have been found to be evolutionarily associated. Small
genomes in the genus Festuca appear to be AT-rich, are bet-
ter at adapting to extreme environmental conditions, are more
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species-rich and are rapidly diverging (Smarda et al., 2008). Iso-
chores of plants were initially characterized by looking only at
limited stretches of DNA (Salinas et al., 1988; Matassi et al., 1989;
Montero et al., 1990). It was determined that the compositional
pattern of isochores was different between monocots and dicots
(Salinas et al., 1988). Curiously, compositional similarities were
found between monocots and warm-blooded vertebrates. Both
groups have higher GC content relative to dicots and cold-blooded
vertebrates and even higher GC content in coding regions.Warm-
blooded vertebrates andmonocots also show a similar distribution
of housekeeping genes compared to tissue-speciﬁc genes with the
housekeeping genes having a much higher GC content (Salinas
et al., 1988). In a subsequent study, a rapid increase in the GC
content of rice was shown and this corresponded with a rapid
change in the codon usage patterns of those genes (Wang and
Hickey, 2007). In this study they also analyzed the synonymous
and non-synonymous differences and determined that the pri-
mary difference inGC content is through synonymous differences.
While many of these studies have focused on the rapid increase in
GC content in the genic regions in monocot plants, several studies
have shown that there is a bias in the non-coding regions as well
(Wong et al., 2002).
Despite the potential impact that studies of isochores could
have on understanding genome evolution, Arabidopsis thaliana is
the only plant, until now, in which isochores have been identiﬁed
and characterized at a whole genome level. In the study of the
Arabidopsis genome Zhang and Zhang (2004) identiﬁed GC-rich,
AT-rich, and centromeric isochores. The centromeric isochores are
GC-rich yet a low gene density and different T-DNA insertion sites
than the GC-rich isochores without centromeres. Because cen-
tromeric regions were contained within a centromeric-isochore,
all of the predicted centromere sequences were part of an isochore
region (Zhang and Zhang, 2004).
The soybean genome is paleopolyploidwith 2n = 40 (Pfeil et al.,
2005). Recently it was discovered that 57% of the genome is com-
prised of repeat-rich heterochromatin. However, in these regions,
located near the centromeres, 21.6% of the high-conﬁdence genes
were discovered (Schmutz et al., 2010). This genetic compositional
makeup and the soybean’s genome size more closely resemble
that of human than that of another dicot, A. thaliana. Under-
standing the role of genome size and compositional pattern could
help uncover some of the basic “rules” of genome structure and
function during evolution.
Using the recently published genome sequence (Schmutz et al.,
2010) we sought an understanding of the LHGRs in the soybean
genome. Our goals were to identify the compositionally distinct
domains in the genome, isolate the homogenous regions, and
classify the families of LHGRs found in the soybean genome.
We used the program GC-Proﬁle1 (Gao and Zhang, 2006; Zhang
et al., 2010) to identify compositionally distinct segments within
the genome based on nucleotide organization. GC-Proﬁle uti-
lizes a segmentation algorithm and provides a windowless view
of the chromosomes. These domains were then given a homo-
geneity score using the homogeneity index “h” (Zhang and Zhang,
1http://tubic.tju.edu.cn/GC-Proﬁle/
2004). LHGRswere identiﬁed based on their homogeneity andwas
assigned to families using a parametric approach to identify the
most likely mixture of distributions (McLachlan and Peel, 2000)
underlying the overall distribution of GC content.
RESULTS
LHGRs IN THE SOYBEAN GENOME
We used a segmentation algorithm based on z′ curves to identify
soybean LHGRs. The z′ curve separates the entire chromosome
into non-overlapping, compositionally distinct domains based on
the nucleotide sequence. There is an inverse relationship between
GC content and the z′ curve. Thus, when the slope of the curve is
positive it is indicative of a decreasing GC content. The soybean
genome is composed of many compositionally segmented regions
similar to what has been observed in pig (Zhang et al., 2010).With
the z′ curve we were able to determine to base-pair resolution the
locations of the non-overlapping regions.
To determine whether a region was a LHGR (signiﬁcantly
homogeneous in theGCcontent),we analyzed eachof thedomains
using an h value (Zhang and Zhang, 2004). The h value evaluates
the homogeneity by dividing the variance in the GC content of the
region by the variance in the GC content of the whole chromo-
some. An h value <1 is generally considered to be a region with
little variation. We found a total of 4,339 compositionally distinct
domains in the 20 chromosomesof the soybean genome.Theh val-
ues of our regions ranged from0.0001 to 4.17.Wedecided to deﬁne
our LHGRs as regions with an h value less than 0.01. Using this
criterion, 331 LHGRs were identiﬁed (Table S1 in Supplementary
Material).
LHGR FAMILIES
The distribution of the 331 LHGRs appeared to be a mixture of at
least four overlapping distributions of GC content (Figure 1).
To determine themost number of components within thismix-
ture of distributions we used a parametric approach in which we
modeled the distribution as:
f
(
y ;Ψ
) =
∑g
i=1Πiφ
(
yi ; υi , σi
)
;
where i represents the number of mixtures, or groups, πι are
unknown, but estimable mixing proportions and
φ
(
yi ; υi , σ
) = {(2π)−1/2σ−1i
}
exp
{
−1/2(yi − υi
)2
/σ2i
}
with unknown, but estimable means and variances. We calcu-
lated the –log(likelihood) for each model beginning with g = 1
and proceeded to sequentially add groups until no signiﬁcant
improvement of the –log(likelihood) was observed (Table 1).
We found that four groups produced the best ﬁt to the data.
Based on this analysis the estimated averageGC content was 24, 35,
44, and 55% (Figure 2) with 41, 152, 123, and six members in each
family, respectively. This translated into family-weighted values of
0.13, 0.49, 0.36, and 0.02, respectively. This analysis permitted us
to determine howmuch each of our distributions overlapped, i.e.,
how much of one family overlapped into another family’s distri-
bution. The amount of Family A (24%) in Family B (35%) was
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FIGURE 1 | Distribution of LHGRs (binned into 1% GC intervals) across GC content (in percent).
Table 1 |Value of the log of the likelihood for the mixture components.
Number of components Unrestricted variances
1 −1135.29
2 −1134.512
3 −1119.974
4 −1113.617
5 −1112.655
6 −1109.067
10%, the amount of B in A was 2.6%. The estimated amount of
B in C (45%) was 6% while the amount of C in B was 5%. The
amount of C in D (55%) was 0.01% while the amount of D in
C was 1%. With this information we can recognize the amount
of bias, for example, that Family C puts on Family B (5%) when
looking at the biological properties. This wouldmean that for each
of the LHGRs we classiﬁed as a member of Family B LHGR, there
is a ﬁve percent chance that the LHGR is actually from Family C.
LHGR SIZE AND LOCATION
Table 2 shows the distribution of LHGRs across chromosomes
and the respective chromosome length. The number of LHGRs
per chromosome does not appear to be associated with the size
of the chromosome. For example, chromosomes 3, 4, 7, 9, 13, and
20 have the largest number of LHGRs (34–45) while two chro-
mosomes (5 and 11) have no LHGRs. The largest LHGR in the
FIGURE 2 |The mixture model of frequency distributions of the four
LHGR families across GC content (in percentage).The different colors
represent the different families.Yellow is Family A, green is Family B, blue is
Family C, and red is Family D. The numbers in white at the base of the
density distributions represent the amount of the overlap estimated to
come from the adjacent family. For example, the 0.03 value at the base of
Family A (yellow) indicates the amount of that family’s distribution that may
be attributed to Family B (green).
soybean genome is 2mb in length and is located on chromosome
7. There are only three LHGRs that are longer than 1mb and
two of these are located on chromosome 13 (Figure 3). All of
the three longest LHGRs are located in the euchromatic arms of
the chromosomes and two of them are located near the telomeric
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Table 2 |The number of LHGRs in each of the 20 soybean
chromosomes and the length of the corresponding chromosome.
Chromosome
number
Chromosome
length (bp)
Number of
LHGRs/family
A B C D
1 55915595 1 5 3 0
2 51656713 0 1 1 0
3 47781076 5 13 15 1
4 49243852 0 17 17 0
5 41936504 0 0 0 0
6 50722821 4 3 6 0
7 44683157 2 17 13 1
8 46995532 0 1 0 0
9 46843750 3 23 14 0
10 50969635 4 2 2 6
11 39172790 0 0 0 0
12 40113140 2 0 1 0
13 44408971 4 22 14 0
14 49711204 2 3 5 0
15 50939160 1 1 1 0
16 37397385 0 2 1 0
17 41906774 3 7 4 0
18 62308140 5 8 3 2
19 50589441 1 5 5 0
20 46773167 4 22 18 1
region. Although the top ten largest LHGRs are all part of Family
B, on average, LHGRs in Family C are the largest which means
that a large number of few small LHGRs in Family B. The aver-
age size of LHGRs in Family C is 41.1 kb while Family A has an
average of 12.8 kb, Family B has an average of 13.8 kb, and Fam-
ily D has an average of 7.3 kb (Figure 3). This is consistent with
results observed in A. thaliana in which the GC-LHGRs are larger
than AT-LHGRs and is different than mammals such as pig and
human where the AT-LHGRs are larger (Zhang et al., 2010). The
average size of the soybean LHGRs is 0.82mb; smaller than the
average size for pigs (0.91mb) and humans (1.20mb; Zhang et al.,
2010).
GENE DISTRIBUTION AND TRANSPOSABLE ELEMENTS IN SOYBEAN
LHGRs
Themajority of the genes locatedwithin soybeanLHGRs are found
in Family B (Table 3). The coding regions of genes in Family C
were much larger than those in Family A and Family B (Table 4).
This includes the individual exon lengths, the total exon length
and the average exon length as well as the total number of exons.
As seen in Table 4, the average total exon length for Family C is
approximately twice the average total exon length for either Family
A or Family B. Interestingly, the average length of the intergenic
region, or regions between genes, is 50,000 bp for Family A and
70,000 bp for Family B, and then jumps up to 120,000 bp for Fam-
ily C showing that not only are the coding regions longer but the
non-coding region are also. This is emphasized when you con-
sider that the total intron length and average intron length of
genes are the longest for Family C. Family D has been excluded
from this comparison as there is only one gene in the LHGRs of
Family D.
The number of transposable elements in the LHGRs follows a
trend similar to that of gene density. There are more than 2.5×
the number of transposable elements in Family B than any of the
other families. However, the difference in the density of transpos-
able elements is not as extreme as the difference in gene density per
LHGR. The number of genes per LHGR for Family B averages 13
while it is only 0.23 for Family C, which means Family B has about
50 times more genes than Family C. Alternatively, the number of
transposable elements per LHGR averages 5 for Family B and 2.5
for Family C.
The transposable elements in the soybean genome are classi-
ﬁed as four main families; long interspersed repetitive elements
(LINE), long terminal repeat (LTR), helitrons, and (LTRs, LINEs,
TIRs, and helitrons; Table 5). The LTR transposable elements are
found in the largest abundance across the LHGRs. In each of the
families, this ismost represented transposable element and inFam-
ily D the only transposable elements found were two LTRs. The
average length that the transposable element covers the LHGR is
largest in Family C and Family D suggesting there are more trans-
posable elements in these LHGRs. There are no LINE transposable
elements in Family A, Family C, or Family D and only four were
found in Family B. However, it is important to note that there
are only 182 identiﬁed LINE elements across the soybean genome
(Du et al., 2010). Helitrons are also only found in Family A and
Family B but also at a very low level (one in Family A, two in
Family B).
GENE FUNCTION
To explore the predicted function of the genes in the families we
used GO, KEGG, and Panther annotations. Following the proto-
cols of O’Rourke et al. (2009) and Bernardini et al. (2004) we
used a Fisher’s exact test (Fisher, 1949) and a Bonferroni correc-
tion (Bonferroni, 1936) on Family B to determine which gene
functions are over- or under-represented in our gene list com-
pared to those gene functions in the whole soybean genome. Only
Family B contained enough genes to use this statistic. Family B
contains two groups of genes with GO molecular functions that
are over-represented, GO:0008683, 2-oxoglutarate decarboxylase,
and GO:0030976, thiamin pyrophosphate binding. The only gene
in Family D is Glyma18g06990 and is predicted to be an ATP-
dependent CLP protease. The protein products of these genes are
involved in cell regulation and they help to stabilize key metabolic
enzymes and also remove damaged polypeptides (Clarke, 1999).
Next we pooled all of the genes found in the LHGRs and again
performed a Fisher’s exact test (Fisher, 1949) with a Bonferroni
correction (Bonferroni, 1936). The same two GOmolecular func-
tions were over-represented, oxoglutarate decarboxylase and thi-
amin pyrophosphate binding. This is not surprising as numerous
gene functions are shared between the four families.
Interestingly many of the LHGRs are clustered along the
genome.Figure 4 shows thephysical locations of the LHGRs across
the 20 soybean chromosomes separated by family. Surprisingly,
many of the LHGRs from different families cluster together along
the chromosome.
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FIGURE 3 |The size distribution of LHGRs in each family; (A) Family A, (B) Family B, (C) Family C, (D) Family D.
Table 3 |The number of genes, number of LHGRs and the number of
transposable elements located in each family.
Family Number of
genes
Number of transposable
elements
Number of
LHGRs
A 18 20 41
B 1949 795 152
C 28 313 123
D 1 2 6
DISCUSSION
Thedeﬁnitionof anLHGR,or isochore, is based on the homogene-
ity of the GC content but the transition between homogeneous to
heterogeneous is unclear. There are no regions of the genome that
are completely homogeneous in the GC content and the question
is, at what point does a region shift from being homogeneous to
heterogeneous. For this reason we chose a conservative cutoff in
hopes of eliminating false positives. Heterogeneous regions could
have a separate set of biological properties so understanding the
differences between the regions could help differentiate between
homogeneous andheterogeneous regions. Therefore,one problem
in analyzing isochores is the somewhat arbitrary level of acceptable
heterogeneity (Chen and Gao, 2005).
The regions that ﬁt our criteria as homogeneous displayed four
overlappingmixturemodels across theGCpercent.Weﬁt our fam-
ilies of LHGR count across GC percent withmaximum likelihood.
Using this statistic allowed for unrestricted variances as our com-
ponents appear as an asymmetric multimodal density and there
was no evidence to restrict the variance. It was apparent that after
four components the log of the likelihood did not signiﬁcantly
change. Using a method to statistically determine the number of
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Table 4 |The physical parameters of the genes in soybean LHGR Family A, Family B, and Family C.
Family A SD Family B SD Family C SD
First exon GC 42 2 43 4 47 4
Mid exon GC 43 3 41 3 45 2
Last exon GC 42 2 43 5 46 3
First exon length (bp) 240 97 300 232 640 323
Mid exon length (bp) 240 84 200 121 440 147
Last exon length (bp) 200 76 270 314 500 191
Intergenic region (bp) 49000 29304 72000 85329 116000 84806
Total exon length (bp) 1060 450 1000 520 2420 1233
Mean number of exons 5 1 5 2 8 3
Mean intron length (bp) 290 72 300 192 400 195
Total intron length (bp) 1810 565 2080 1471 3520 1417
Table 5 |The distribution of transposable elements across LHGRs.
Family Helitron TIR LINE LTR
Number of TEs in LHGRsA A 1 9 0 17
Number of LHGRs with TEB A 1 5 0 12
Average coverageC A 0.25 0.18 0 0.56
Number of TEs in LHGRsA B 2 156 4 723
Number of LHGRs with TEB B 2 60 4 137
Average coverageC B 0.05 0.05 0.01 0.33
Number of TEs in LHGRsA C 0 2 0 311
Number of LHGRs with TEB C 0 2 0 97
Average coverageC C 0 0.68 0 0.64
Number of TEs in LHGRsA D 0 0 0 2
Number of LHGRs with TEB D 0 0 0 2
Average coverageC D 0 0 0 0.62
AThe total number of identiﬁed transposable elements found in all of the LHGRs
in the family.
BThe total number of LHGRs that host a transposable element.
CThe length of the transposable elements in the LHGR over the total length of
the LHGR.
components, or families, may be considered in future work how-
ever there are many considerations when choosing the statistics.
We considered using the LRTS, −2 log λ, which adds a penalty
for each additional parameter however there is a problem with
the parameters being bounded correctly when used on mixture
models as discussed inMcLachlan and Peel (2000). In this analysis
we used a one parameter, the dimension of GC content. Including
other parameters such as biological properties could be useful in
future research.
Long homogeneous genome regions have been considered a
“fundamental level of genome organization” (Eyre-Walker and
Hurst, 2001) and have given us insight into the complexity of
large regions of the genome. Various important biological proper-
ties such as gene expression, gene size, and transposable element
density have been correlated with LHGRs (Aota and Ikemura,
1986; Mouchiroud et al., 1991; Zoubak et al., 1996; Jabbari and
Bernardi, 1998). To identify LHGR families in soybean we used
a novel approach. Instead of deﬁning our families based on the
peak in a graph of GC content by frequency, we used an approach
to determine the most likely number of distributions in our data
and with that, determined the parameters of each of the families.
LHGRs in soybeans comprise four families, each of a different
size. There are two predominant families, Family B (35% mean
GC) and Family C (44%mean GC) and two minor families, Fam-
ily A (24% mean GC) and Family D (55% mean GC). This is
different from what was found in Arabidopsis where no distinct
peaks or families were apparent (Zhang and Zhang, 2004). Soy-
bean exhibits a very wide range of GC content in LHGRs, the
lowest LHGR has a 16% GC content and the highest LHGR has
a 59% GC content, greater than that found in vertebrates or
invertebrates. Vertebrate LHGR families are conserved and are
identiﬁed as L1 (>37% GC), L2 (37–41% GC), H1 (41–46%
GC), H2 (46–53% GC), H3 (>53% GC; Zhang et al., 2010).
Peaks, or centers of families, in LHGRs appear approximately
in 5% bins while in soybean they appear in approximately 10%
bins. The biological or evolutionary signiﬁcance of this remains
unknown.
Inprevious studies of other genera, amajority of the genes iden-
tiﬁed resided in one narrow GC range, similar to our observation.
However, inmost species the gene density increased as theGC con-
tent increased (Constantini et al., 2006, 2009; Cammarano et al.,
2009), but in soybeans the gene density is highest in the familywith
the second lowest GC content, Family B (35%). This is similar to
what was found in Zebraﬁsh (Constantini et al., 2007a,b). Family
B also contains most of the transposable elements. As observed in
other species, transposable elements also seem to be enriched in
LHGRs at one speciﬁc level of GC content and depleted in others
(Mouchiroud et al., 1991).
The physical properties of the genes in Family B are similar to
those found in Family A and are similar to the average size for
a soybean gene. However, the genes in Family C are much larger
both in the coding and the non-coding regions than the other two
families. Family D has the greatest GC content but only contains
one gene. However, it is important to note that Family D consists
of only six LHGRs. In previous studies change in gene density
correlated with a change in the physical properties of the gene
as did the expression level of the gene (Aota and Ikemura, 1986;
Zoubak et al., 1996; Woody et al., 2011). It is interesting to note
then, that the LHGR families are also correlated with several of
these features.
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FIGURE 4 | Physical location of LHGRs across chromosomes.The shaded area represents the pericentromeric region (SoyBase). The vertical line represents
the predicted centromeric region (SoyBase). Blue bar, Family A; Red bar, Family B; Orange bar, Family C; Green bar, Family D.
Of all the known genomic properties in plant genomes, trans-
posable elements cover the largest proportion of genomes. Anno-
tating transposable elements at a whole genome level is a very
complex task but a whole genome computational analysis was
done to identify the transposable elements in the soybean genome
(Du et al., 2010). The availability of this database has allowed us
to understand the inﬂuence transposable elements have on the
makeup of LHGRs. The transposable elements in soybean are
broken into four main families. Two of the families are in Class 1
(LINEs and LTRs), retrotransposons, and two of the families are in
Class II (TIRs andHelitrons),DNA transposons (SoyBase). Repet-
itive elements make up an estimated 59% of the soybean genome
(Schmutz et al., 2010) and this could inﬂuence the identiﬁcation
and makeup of LHGRs in soybean. In previous studies, certain
families of transposable elements were preferentially located in
speciﬁc families. For example, in humans Alu retrotransposon
density is much higher in GC-rich LHGRs (Hackenberg et al.,
2005). In LHGRs,helitronswere only found in theAT-rich LHGRs,
Family A, and Family B. Only two helitrons were found in Family
B and one in Family A. LTRs are the most abundant transposable
element family found in soybean LHGRs. LTRs are also the most
abundant transposable elements found in the soybean genome
making up about 42% of the genome (Schmutz et al., 2010). The
largest quantity of transposable elements are found in Family B
and the coverage of is much higher as well. Transposable element
coverage increases with an increase in GC content and gene size.
Future analysis will need to be done to understand the complex
regulatory interactions between these genomic properties.
This is the ﬁrst study done in plants in which a functional
analysis has been conducted on the genes in LHGRs. We ana-
lyzed the genes in Family B using a Fisher’s exact test with
a Bonferroni correction, to identify which GO functions were
under/over-represented.We found that 2-oxoglutarate decarboxy-
lase and thiamin pyrophosphate binding are overrepresented. The
two enzymes work closely together as thiamin pyrophosphate is
needed tomaximize the efﬁciency of 2-oxoglutarate (Shigeoka and
Nakano, 1991) and both are involved in the Krebs cycle (Mitsuda
et al., 1975). The similarity in gene function across families is strik-
ing.Wewere unable to performa statistical analysis on FamilyA,C,
or D independently as there were not enough genes but the func-
tion of the genes in these families are consistent with the results
found in Family B. However, we were able to pool all of the genes
in our analysis into one large group and performed the same statis-
tical analysis. Again we found that 2-oxoglutarate decarboxylase
and thiamin pyrophosphate binding are signiﬁcantly overrepre-
sented which is not surprising as the families share many gene
functions. The majority, if not all of the genes in the LHGRs
are related to metabolic and cell cycle functions such as ATP and
AMP proteases and serine-threonine kinases. In Family D, there
is only one gene and even this gene has a metabolic function,
ATP-dependent CLP protease. In Arabidopsis, one LHGR and one
LHGR-like regions are nucleolar organizer regions while another
LHGR is a mitochondrial insertion (Chen and Gao, 2005).
In conclusion, LHGRs (isochores) are identiﬁable in soybean.
LHGRs in soybean share similarity with animals in that gene den-
sity is focused in a narrow GC range. The average sizes exhibited
by LHGR families resemble the trends found in human and pig.
However, plants are unique and possibly quite variable. The GC
mean of the four families in soybean is more diverse and thus the
families are spread further along the range of GC content than
what has been found in animals. Alternatively, the mean of the
two groups found in Arabidopsis is much smaller than that found
in animals. A comparative analysis of LHGRs in plants could help
increase our knowledge of compositional evolution across species
and the relationship between evolutionary adaptation and large,
conserved blocks of the genomes.
MATERIALS AND METHODS
IDENTIFICATION OF LHGRs
The genome sequence was downloaded from SoyBase (accessed
on 02.02.2011). To identify compositionally distinct domains we
used a program GC-proﬁle (see text footnote 1; Gao and Zhang,
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2006). GC-Proﬁle utilizes a segmentation algorithm that allows for
a windowless view of the chromosomes. Each chromosome is con-
sidered individually and separated into non-overlapping domains.
We used the parameters as suggested in Zhang et al. (2010) with a
minimum size of 3 kb and we ignored gaps shorter than 1% of the
chromosome. GC-proﬁle is based off of a Z curve which is a way of
viewing the unique compositional pattern of each chromosome.
The z′ score is calculated based off of the cumulative A, C, G, and
T occurrence along the speciﬁc regions.
The homogeneity within the compositionally distinct domains
was measured using a homogeneity index h as described in Zhang
and Zhang (2004) and is deﬁned by:
h = dLHGR
/
dChromosome
dLHGR =
√√√√ M∑
n=1
(zn − kn)2
/
M and dchromosome
=
√√√√ N∑
n=1
(zn − kn)2
/
N
where k is the slope of the line through the z′ score within the
region (chromosome or LHGR) and zn is the cumulative z′ score
across the region. Only absolute homogeneity, a region comprised
of only GC or AT, will result in an h value of zero: some hetero-
geneity has been present in all investigations to date. The level
of this heterogeneity is chosen to distinguish groups of LHGRs is
arbitrary as a method to ﬁnding an absolute cutoff is not known.
Future work is needed on measures that can delineate the shift
from homogeneous regions to heterogeneous regions.
TRANSPOSABLE ELEMENTS AND GENE ANNOTATION
The transposable elements were taken from the SoyBase website2.
These were identiﬁed from the Soybean Transposable Element
Database on 03/08/2011 (Du et al., 2010). Close to 40% of the
soybean genome is identiﬁed as some type of repeat, mostly active
retrotransposons and simple-sequence-repeats.We then identiﬁed
2www.soybase.org
any transposable elements in our segments. If there was any
overlap, the transposable element was counted as part of the
segment. We quantiﬁed the density of transposable elements by
calculating the number of transposable elements per mb. To iden-
tify which transposable elements were in LHGR regions we used
the fjoin program (Richardson, 2006).
SoyBase gene annotations (see text footnote 2) on 07/19/2011
were used for identiﬁcation of genes. If any exon of a gene was
contained within an LHGR, it was considered part of the LHGR.
Soybase was also the source of information on individual exon
sizes, intron sizes, and intergenic regions. The number of genes
within an LHGRpermb calculated the gene density. The gene cov-
erage was calculated by the sum of the coding regions of the genes
within anLHGR(bp) dividedby the total length of the LHGR(bp).
GENE FUNCTION
To obtain the functional annotation of the genes in our LHGRs
we used several methods. For Family B we used the annotations as
described in O’Rourke et al. (2009) and Bernardini et al. (2004).
The predicted gene sequences in soybean (Glyma1.01 genome
assembly) were compared using TBLASTX (E < 10–6; Altschul
et al., 1997) to the predicted genes in Arabidopsis. The annotation
of the gene model of Arabidopsis that best ﬁt the soybean gene
model was used as the basis for the gene ontologies. To determine
if any gene functions were overrepresented in our LHGRs com-
pared to the entire genome we used GO annotations. For each GO
category, a count was taken for the number of genes connected to
it in the LHGRs (speciﬁed group) and in the entire genome (pop-
ulation). A Fisher’s exact test was done on the each GO category in
the LHGRs (O’Rourke et al., 2009) and a Bonferroni adjustment
was used (Bonferroni, 1936) with a p-value of 0.05. Families 1, 3,
and 4 did not have enough genes to be able to perform an accurate
GO analysis. Thus we looked at the annotated functions for these
genes in SoyBase.
SUPPLEMENTARY MATERIAL
The SupplementaryMaterial for this article can be found online at:
http://www.frontiersin.org/Plant_Genetics_and_Genomics/
10.3389/fgene.2012.00098/abstract
Table S1 |The coordinates of the LHGRs in soybean.
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